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A necessary precursor to real-time three-dimensional 
echocardiographic imaging is the ability to obtain mul-
tiple planes of acoustic data simultaneously. A new ul-
trasound imaging technique facilitates the display of two 
real-time orthogonal B-mode images (O-mode). The 
O-mode technique uses a novel two-dimensional trans-
ducer and system processor to interrogate the two per-
pendicular planes simultaneously, yielding sector arcs 
that share one origin. It permits simultaneous display 
of two sector arcs on a single monitor either side by side 
or in a two-dimensional projection designed to convey 
the three-dimensional nature of the acoustic data. 
Heart diseases result in changes in the thickness of heart 
walls and valves as well as in alterations in the size and 
shape of the cardiac chambers (1), To visualize these changes, 
Edler and Hertz (2) utilized ultrasound as a unique method 
for providing spatial anatomic information, First M-mode 
and then two-dimensional echocardiography came into com-
mon clinical use for evaluating cardiac disorders (3-8), 
Full appreciation of the spatial geometry of the heart still 
depends on a series of one- or two-dimensional sonic in-
terrogations requiring the interpreter to mentally reconstruct 
the heart in three dimensions. Three-dimensional echocar-
diographic methods developed to date require off-line pro-
cessing, frequently using a computer (9-13), To implement 
a real-time multiplane imaging system, two technical bar-
riers must be overcome, First, a transducer of sufficiently 
small size capable of multiplane imaging from within an 
intercostal space must be developed, Second, B-mode in-
strumentation must be improved to facilitate the high data 
acquisition rates necessary for real-time multiplane inter-
rogations. 
This report presents the results from a new ultrasound 
imaging modality that permits high data acquisition rates 
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Clinical results from the first 50 patients undergoing 
O-mode evaluation indicate that image quality in the two 
simultaneously obtained planes is equal to that of a single 
plane when the system is operating in its conventional 
format. These data confirm the feasibility of real-time 
multiplane imaging. The system design offers the poten-
tial for the future addition of more simultaneous planes 
and, thus, the possibility of real-time three-dimensional 
ultrasound imaging. 
(J Am Coli Cardiol /986;7:1279-85) 
and, by utilizing a novel transducer, the acquisition of two 
orthogonal planes (O-mode) in real time, The present de-
velopmental work was based on the hypothesis that con-
struction of such a system could be realized, 
Methods 
Patients. O-mode examinations were performed in 50 
consecutive patients undergoing clinical echocardiographic 
examination for a variety of reasons, There were 27 men 
and 33 women, ranging in age from 29 to 78 years (mean 
52), 
Transducer. The O-mode transducer (Fig. 1) is com-
posed of two modified bow tie-shaped linear arrays assem-
bled to form a cross, The array consists of four roughly 
triangular sections of piezoelectric ceramic, each cut into 
16 elements, and operates at 2,5 MHz, The finished trans-
ducer is mounted in a hand-held case (Fig. 2) and consists 
of two perpendicular linear arrays. each with a 20 mm 
aperture containing 32 elements. At the site of skin contact 
the transducer measures 22 X 22 mm, 
System operation. O-mode scanning has been imple-
mented on both the original Duke University phased array 
ultrasound scanner (6.7) and the new version of this system, 
The current machine is a 32 transmit. 32 receive channel 
device with independent control over a 10 JLS delay envelope 
of all channels. Analog receive processing is employed and 
the scanner has an operational bandwidth in excess of 5 
MHz, This research device allows considerable freedom in 
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Figure 1. Schematic of the bow tie transducer and orientation of 
the orthogonal sector arcs. Four separate nearly triangular sections 
(A. A'. E and E') comprise the O-mode array. 
the selection of imaging variables by using a PDP 11140 
digital computer that executes the machine control software 
and provides editing facilities for O-mode software modi-
fications. 
To use the full 32 channels of the B-mode system in each 
plane and to avoid the cost and complexity of using two 
individual scanning systems, a technique for switching the 
available transmit and receive channels between the arrays 
was developed. Computer-controlled receive multiplexers 
were constructed to rapidly switch the scanner's receive 
channels between the two linear arrays, permitting "si-
multaneous" biplane scanning. 
Each array aperture generates its own pie-shaped sector 
arc composed of 160 B-mode lines with an azimuth angle 
of 70°. The scan planes are orthogonal (Fig. 1), and contain 
unique anatomic information, except for the image line where 
the planes intersect, known as the boresight. 
In the current implementation, O-mode images are dis-
played simultaneously in two sector arcs at a rate of IS 
images/so The frame rate is limited by the velocity of sound 
in tissue (1 ,S40 m!s), making it impossible to acquire con-
ventionally the complete image data in less than IIlSth of 
Figure 2. The O-mode array is mounted in a hand-held case. 
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Figure 3. O-mode ~ystem block diagram. GEN. = generator; 
RX = receive; TX = transmit. 
a second. By employing a parallel receive processing system 
referred to as Explososcan (14), it is possible to increase 
the data acquisition rate by a factor of 4, facilitating an 
image rate of 60 frames/so This fourfold increase in frame 
rate is achieved by generating four receive image lines for 
each transmit pulse. 
Figure 3 is a block diagram of the O-mode system show-
ing the additional processing circuitry, the Receive Multi-
plexer and Parallel Receive Processor, required for O-mode 
operation in conjunction with the phased array scanner. It 
utilizes two 32 element bow tie arrays operating at a center 
frequency of 2.S MHz. Image formation, controlled by the 
computer, begins with the creation of a B-mode line in one 
sector arc. The system then switches to the orthogonal sector 
to create the next line. This process is repeated until the 
full O-mode image is created. 
The first O-mode prototype scanner utilized the original 
Duke phased array scanner with Explososcan (IS) to present 
the two 160 line orthogonal sectors simultaneously at a rate 
of 60 images/so The results presented here were obtained 
with an improved array configuration on the new Duke 
system for which Explososcan is currently being modified. 
When the system is complete, the O-mode scanner will 
display 160 lines of B-mode data in each sector (total 320 
lines) at a range of 13 cm and a rate of 60 frames/so Con-
ventional commercially available scanners do not have a 
comparable data acquisition rate and cannot obtain the acoustic 
data as rapidly. 
Display. Figure 4 is an illustration of two of the O-mode 
display techniques. Figure 4A shows the bisection of a cyl-
inder with two intersecting orthogonal planes. A simple 
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Figure 4. Schematic dIagram showing the inter-
section of two orthogonal planes (A-A' and E-E') 
with a circular cylinder (A). The resulting sector 
arcs may be displayed side by side (D) where the 
short and long axes of the cylinder are shown. The 
scan planes may be displayed in projection, indI-
vidually or simultaneously (e), to convey the three-
dimensional nature of the image data. 
method for the simultaneous display of two images is to 
position the conventional sector arcs side by side on a single 
display monitor (Fig, 4B), This technique, however. does 
not portray the three-dimensional nature of the image data, 
The spatial relation between the planes is easier to convey 
by displaying simultaneously the two-dimensional projec-
tion of the two orthogonal sector arcs (Fig, 4C), This method 
was implemented by modifying the software controlling the 
display monitor (16). With the current O-mode software, 
the user is able to select from three display modalities: side 
by side, single plane and simultaneous projections, Al-
though the axial rotations for the projection display are 
Figure 5. Diagrammatic azimuthal (latera\) beam 
plots from a conventional rectangular array (dashed 
line) and from the O-mode bow tie array (solid 
line), The humps on the sides of the solid line 
represent the sidelobes in the bow tie array, See 
text for details. 
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altered easily, a 45° rotation about the bore sight for each 
of the two sectors and a 30° rotation about the axis parallel 
to the display screen (toward the observer) provide the most 
useful three-dimensional perspective without distorting the 
image, 
Results 
Beam profiles. The transducer shape does introduce an 
amplitude apodization across the aperture, altering its im-
aging characteristics from those of a normal rectangular 
array, In vitro azimuthal beam response plots (Fig, 5) were 
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obtained to quantify and compare the performance of the 
O-mode array (solid line) with that of a normal transducer 
(dashed line). The beam response at the focal point for a 
normal 20 mm aperture array has a - 6 dB width of 1. 2°. 
The O-mode response at the focal point has a - 6 dB beam 
width of 0.9°, but the signal to sidelobe ratio has been 
decreased by 27 dB. As determined with an American In-
stitute of Ultrasound in Medicine standard test object, the 
normal system has a resolution of 1.5 mm in range and 2 
mm in azimuth. The O-mode range resolution is equivalent, 
but the azimuthal resolution is reduced to 3 mm. This means 
that the effective resolution of the O-mode system is less 
than that of the normal scanner and additional artifact is 
noted in the images because of increased side lobe levels. 
Clinical images. Images from the new Duke University 
research prototype system are different from those seen on 
current commercial phased array devices. This machine uses 
an analog scan conversion format where the image is dis-
played on a monitor and recorded onto videotape by a tele-
vision camera aimed at the display. This technique results 
in display processing that is different from that used in 
digital scan conversion systems. Scan lines are present in 
the images and target information appears to be less discrete 
in comparison with that obtained with commercial scanners. 
Scanning of the heart is conducted similarly to routine 
two-dimensional scanning beginning with the long axis of 
the left ventricle. O-mode is then switched on and the or-
thogonal view of the ventricular short axis is simultaneously 
presented side by side with the long axis (Fig. 6). The 
operator may then select the single sector projection (Fig. 
7A and B) or simultaneous projections (Fig. 7C). Note that 
.. 
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the simultaneous projection images contain a large quantity 
of data, requiring the user to become accustomed to this 
format. In these series of illustrations the long axis intersects 
with the short axis at the level of the papillary muscles. 
At initial inspection, even the most experienced echo-
cardiographer may think that the side by side images in 
Figure 6 are different from the projected images in Figure 
7. Despite minor differences in transducer angulation, both 
sets of images have the same line densities and frame rates. 
The perceived differences are the optical result of the pro-
jection technique requiring the line densities of the scan 
planes shown in Figure 7 to appear nonuniform, that is, 
more dense in the foreground and less dense on the far edges 
of the sector arcs. Thus, although the acoustic data are the 
same in the two presentation formats, visual differences are 
perceived. 
Obtaining information from the moving images on line, 
or from a videotape playback, is clearly superior to obtaining 
it from images presented in still frame. Still frames of these 
intersecting projected planes are particularly confusing be-
cause targets are superimposed and no movement is avail-
able to assist the observer in differentiating the planes. 
Structures imaged in both planes are identified by a crossing 
pattern seen at the boresight. The cross created by the pres-
ence of the anterior mitral valve leaflet in Figure 8 (panel 
C, arrow) is one of the visual cues conveying the orthog-
onality of the sectors. 
Because of the slight reduction in resolution and in-
creased sidelobe levels with O-mode scanning, the best qual-
ity scans are made with the gain reduced, thus enhancing 
resolution and reducing overall image noise. 
Figure 6. Side by side simultaneous sector arcs 
showing the long axis (left) and short axis (right) 
of the left ventricle. Note the large pericardial ef-
fusion. 
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Previous muitipiane imaging attempts. Real-time two-
dimensional echocardiography was an advance over M-mode 
study, providing more accurate spatial anatomic information 
about cardiac structures, As summarized recently by Pearl-
man and Moritz (17), three-dimensional echocardiography 
is also likely to provide more accurate quantitative infor-
mation on cardiac spatial morphology than is currently avail-
able by two-dimensional techniques, One example of this 
is the work of Eaton et aL (18), in which more accurate left 
ventricular volumes were possible, given the ability to ac-
quire more tomographic cuts through the ventricle, 
Several methods have been employed to increase spatial 
information in ultrasound images. Robinson (12) recon-
structed arbitrary two-dimensional planes and three-dimen-
sional images from a series of mutually perpendicular two-
dimensional slices stored in a computer. More recently. 
Geiser et aL (13) used an instrumented mechanical arm 
attached to a two-dimensional system to relay positional 
information to a computer for later three-dimensional re-
construction of spatial information about the heart. Moritz 
et aL (9) published three-dimensional reconstructions of 
.. 
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Figure 7. Single plane projections in the long axis (A) and short 
axis (B) of the left ventricle from the same patient shown in Figure 
6, The mtersecting images are at the midpapillary level (C), Note 
the perception of depth conveyed by these projections. 
ventricular volumes using a spark gap position sensing sys-
tem to control the computer-based image processing. 
These approaches require a bulky transducer assembly 
and considerable computer-processing time to recreate the 
three-dimensional image. In each case, the three-dimen-
sional image does not present the original ultrasound data 
but the resultant line drawing of cardiac targets such as 
endocardium that result from complex automated or manual 
edge detection systems. 
Two techniques for acquiring orthogonal images have 
Figure 8. Single plane projection~ in the long axis (A) and short 
axis (B) of the left ventricle from another patient with pericardial 
effusion. Simultaneous projections of the two sector arcs show the 
crisscross pattern (C, arrow) of the anterior mitral valve leaflet. 
Targets seen in both planes create a crossing pattern at the bore-
sight. 
I' 
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been reported. Curling et al. (19) showed the feasibility of 
switching between two arrays in an intraesophageal assem-
bly for the alternate acquisition of two orthogonal planes. 
Miwa et al. (20) constructed a system capable of producing 
orthogonal images by linking the transducers from two B-
mode mechanical sector scanners. The cost and transducer 
ergonomics of these systems. however, limit their wide-
spread use. 
Ideally, a three-dimensional ultrasound imaging device 
would be able to acquire images from multiple planes si-
multaneously, allowing real-time analysis and presentation 
of three-dimensional data. Although current systems are 
capable of images with high line density, wide field of view 
and video frame rates, the data acquisition rate limits this 
performance to a single plane. This occurs because the speed 
of sound is fixed in tissue, limiting the number of lines that 
can be displayed per unit of time. Imaging in mUltiple planes, 
without parallel processing, can only be achieved by sac-
rificing one of the image variables mentioned earlier, de-
grading the potential diagnostic utility of the device. 
Orthogonal mode imaging. The results of this study 
indicate that images of the quality currently available in one 
plane may be created simultaneously in two orthogonal planes 
from the same hand-held transducer. The system is simple 
enough to be added to an existing ultrasound scanner and 
the machine's operating characteristics are sufficiently like 
those of conventional imaging systems to make this tech-
nology readily available. 
As clinically applied, the size of the current transducer 
is large enough that skin contact is lost in certain views, 
such as the apical four chamber. Reduction in the area 
making contact with the skin is required before easy man-
ipulability can be assured. 
Even though clinical experience with this system is lim-
ited, an operator can easily and rapidly obtain a three-di-
mensional subjective impression of the size, geometry and 
relations of cardiac structures not readily possible by con-
ventional single plane techniques. Specific applications of 
the system for improved diagnostic or quantitative purposes 
await continued use. 
The development of a format appropriate for the simul-
taneous display of two real-time sector arcs has been a 
unique aspect of this project. The two-dimensional projec-
tion technique currently strains the ability of the user to 
interpret all of the ultrasound information presented. From 
our experience it takes time to adjust to this presentation 
and an alternate display method may be necessary. The 
perspective projection method is uniquely simple, however, 
and may be improved in time. 
Limitations. There are problems with the current 0-
mode format, the most significant being the transducer ge-
ometry. The decreased signal to noise ratio due to the bow 
tie-shaped aperture is a drawback and a more conventional 
rectangular aperture would be preferable. This would re-
JACC Vol 7. No 6 
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quire an N x N element array, but for the O-mode appli-
cation it might be multiplexed into rows and columns, sim-
plifying design, construction and wiring tasks. Such an array 
has been fabricated and tested and is awaiting hardware 
implementation into the system. 
Clinical implications. O-mode echocardiography is a 
significant first step toward real-time, three-dimensional im-
aging. This approach is capable of interrogating a three-
dimensional sample volume in real time from a single phased 
array transducer. Further improvements in the Explososcan 
parallel processing system combined with future improve-
ments in transducer design will probably provide more than 
two simultaneous planes. 
The specific clinical applicability of this study is currently 
being tested and data are being collected and analyzed in a 
variety of application areas, including the enhanced relia-
bility for acquisition and analysis of quantitative descriptors 
of left ventricular performance and imaging of flow. 
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